We demonstrate here that coexpression of ROMK2, an inwardly rectifying ATP-sensitive renal K+ channel (IKATP) with cystic fibrosis transmembrane regulator (CFTR) significantly enhances the sensitivity of ROMK2 to the sulfonylurea compound glibenclamide. When expressed alone, ROMK2 is relatively insensitive to glibenclamide. The interaction between ROMK2, CFTR, and glibenclamide is modulated by altering the phosphorylation state of either ROMK2, CFTR, or an associated protein, as exogenous MgATP and the catalytic subunit of protein kinase A significantly attenuate the inhibitory effect of glibenclamide on ROMK2. Thus CFIR, which has been demonstrated to interact with both Na+ and Cl-channels in airway epithelium, modulates the function of renal ROMK2 K+ channels.
Inwardly rectifying potassium channels occur in a number of excitable and non excitable cells, where they maintain the membrane potential (Em) near the K+ reversal potential (Ek). These channels mediate high K+ conductance at potentials near or slightly positive to EK, but they are decreased when the membrane is depolarized. A defining characteristic of a subgroup of this family, the ATP-sensitive K+ channels (IKATP), is their inhibition by ATP or other nucleotides (1) . IKATP channels provide not only a link between the metabolic status of the cell and membrane potential but also a mechanism for K+ secretion in epithelia. ATP-sensitive K+ channels are present in the apical membrane of distal nephron segments of the mammalian kidney where they play a major role in K+ homeostasis (2, 3) . IKATp-renal channels share many of the properties and characteristics of other members of this family found in tissues such as heart and pancreas. However, IKATPrenal channels are insensitive to tetraethylammonium chloride, have less sensitivity to ATP (millimolar concentrations are required to induce channel inhibition), and have a lower affinity for sulfonylureas such as glibenclamide than required for inhibition of other IKATP channels. Sulfonylureas are compounds used to treat diabetes mellitus and act by inhibiting IKATP channels in pancreatic ,3 cells, thereby leading to cell depolarization which stimulates insulin secretion. The inhibitory effects of sulfonylureas are not confined to ,3 cell IKATP channels (for review see ref. 4) .
Recently several inwardly rectifying potassium channels, which contain two transmembrane spanning domains characteristic of this rapidly expanding family of K+ channels, have been cloned (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . A potassium channel of renal origin (ROMK2), an alternative splice isoform of ROMK1 cloned from the outer medulla of the rat kidney (5, 9, 10) , is an ATP-sensitive K+ channel (15) . While ROMK2 shares many characteristics with "native" IKATp-renal, ROMK2 exhibits only low and highly variable sensitivity to sulfonylurea compounds, such as glibenclamide (9) . We hypothesized that sulfonylurea sensitivity of renal IKATP may be either conferred to, or enhanced, by a separate channel subunit. (17) (18) (19) . CFTR is a cAMP-dependent protein kinase A (PKA)-regulated chloride channel that is sensitive to glibenclamide (20, 21) . Recent studies suggest that CFTR modulates several intracellular processes, including acidification of intracellular compartments (22) , vesicle recycling (23) , regulation of ion channel activity of both outwardly rectifying chloride channels (21, 24, 25) , and epithelial sodium channels (26, 27) . Using patch clamp techniques, we examined whether CFIR could enhance sulfonylurea sensitivity of ROMK2. We coexpressed both CFTR and ROMK2 cRNA in Xenopus oocytes and assayed for glibenclamide sensitivity. We now present evidence that demonstrates that CFTR enhances sulfonylurea sensitivity of ROMK2, and that the interaction between these two proteins is modulated by phosphorylation.
Preliminary reports of these data have been presented in abstract form (28, 29 
RESULTS
Expression and Function of CFTR in Xenopus Oocytes. Fig.  1A and B summarize channel activity when CFTR was expressed alone. Cl-channels with a linear single channel conductance of 9.0 ± 0.3 ps (see Fig. 3A ) could be activated either on-cell, by preincubation with 3-isobutyl-l-methylxanthine (IBMX; 1 mM) and forskolin (100tuM), or in excised inside-out patches by application of 1.0 mM Mg-ATP and 50 nM PKA. Channel rundown occurred in the absence of ATP; activity could be restored, however, by the addition of 1.0 mM ATP to the bath solution. In the presence of glibenclamide (.10-6 M) CFTR channel activity was significantly inhibited (n = 4) ( Fig. 1 A and B) . As previously described, CFTR channel activity was difficult to restore even after prolonged washout of glibenclamide from the bath solution (20) . In addition, the time course (maximal effect occurs at 3 min) and half-maximal inhibition (K1/2 = 2.0 ,tM; Fig. 1B (Fig. 2B) . However, a small though appreciable decline of channel activity occurs at lower concentrations of glibenclamide. This apparent sensitivity could be mediated by two separate effects: (i) Mg2+-independent channel rundown (32) and (ii) the expression of an endogenous peptide that serves as a sulfonylurea receptor (9) . Previous voltage clamp studies demonstrated that application of glibenclamide produced an inconsistent effect on K+ currents inXenopus oocytes injected with ROMK2 cRNA (9) . In these studies, attenuation of the K+ current was observed only at higher concentrations (100 tM), a dose that was insufficient in our experiments to inhibit channel activity significantly in inside-out patches. The nature of the inhibitory effect on ROMK2 of high concentrations of glibenclamide is not known, but it is postulated to be secondary to an endogenous peptide (9) .
In contrast, in oocytes injected with both ROMK2 and CFTR, concentrations of glibenclamide as low as 0.1 ,LM resulted in a significant decrease in ROMK2 channel activity (38.2 ± 11.9%, P = 0.02; Fig. 2A Fig. 3 demonstrates that both ROMK2 and CFTR induce channel activity in excised membrane patches. As is the case with the native renal IKATP (33), ROMK2 is strongly inhibited by acidification of the cytosolic solution. In contrast, CFTRrelated channel activity is unaffected by changes of intracellular pH (34) . As shown in Fig. 3B, ROMK2 (pH 6.6) of the bath solution, whereas small conductance channels, consistent with CFTR activity, were still active.
Acidification was used as an effective method to assess the contribution of ROMK2 K+ channels to overall patch currents.
We also observed small conductance channels consistent with CFTR in the coinjected oocytes, which were never observed in ROMK2-injected cells. Two examples are shown in Fig. 3 (1996) observed in the absence of prestimulation of CFTR channel activity. Preliminary results of enhanced glibenclamide sensitivity of ROMK1 have recently been reported (35) .
Effects of Phosphorylation on CFTR-ROMK2 Interaction. Next, we investigated whether exogenous stimulation of CFTR channel activity modified the response of ROMK2 to glibenclamide. Accordingly, we tested whether enhanced phosphorylation of CFTR could influence the ROMK2-CFTR interaction. When ATP and PKA were present in the bath solution of excised inside-out patches from oocytes expressing both CFTR and ROMK2, glibenclamide application did not affect ROMK2 channel activity. These data suggest that the phosphorylated state of ROMK2, CFTR, or an unknown channel-associated protein modulates the response to glibenclamide and that enhanced phosphorylation attenuates the inhibitory response.
To test this hypothesis further, we investigated whether, once glibenclamide inhibition of ROMK2 channel activity was established, exogenous ATP and PKA could reverse the inhibition and restore channel activity. We have demonstrated previously that following ROMK2 rundown, channel activity can be reestablished by application of ATP and PKA (15, 32) . Fig. 4A Fig.  4B ). Thus, after addition of PKA and ATP, glibenclamide had no effect on ROMK2 K+ channel activity. These results are similar to those obtained in patches that had been exposed simultaneously to glibenclamide, PKA, and ATP. Taken together, these findings underscore our conclusion and suggest that the phosphorylation state of CFTR and/or ROMK2 channels attenuates the inhibitory response to glibenclamide.
DISCUSSION
Interaction of channel proteins with modulatory subunits has been observed in several channels (14, 36, 37) . Thus, CFTR has been shown to modulate outwardly rectifying chloride channels (21, 24, 25) as well as epithelial Na+ channels (26, 27) . With regard to the IKATp-renal sulfonylurea receptor interaction, the absence of the ,-cell sulfonylurea receptor (SUR) from the kidney (14, 16) suggests the presence of an alternative sulfonylurea-binding protein. Given the evidence that CFTR is present in kidney (17) (18) (19) , it is reasonable to consider that CFTR may play a role as a K+ channel modulator in the mammalian kidney.
A number of possible models of interaction between ABC transporters such as CFTR and ion channels have been proposed (38) . One suggestion is that ABC transporters accomplish the transport of regulatory molecules that modulate channel activity. This mechanism has been implicated in CFTR regulation of outwardly rectifying chloride channels, which involves the transport of intracellular ATP to the extracellular surface (21 and epithelial sodium channels (27) . The sulfonylurea receptor, SUR, (16, 19) interacts with IKATP channels and is required for expression of a glibenclamide sensitive K+ conductance. In addition, coexpression of CFTR and epithelial sodium channels effectively inhibit Na+ channel activity in MDCK and 3T3-fibroblast cells (27) . We propose that the interaction between CFTR and ROMK2 depends on the phosphorylation state of the interacting peptides. A state-dependent interaction has also been implicated in the bifunctional actions of a related ABC transporter, the multidrug resistance protein, which functions either as a drug transporter or regulator ofvolume-activated chloride channels. The switch in function from drug transporter to channel regulator appears to depend on ATP binding and hydrolysis (39) . Taken together, it is likely that modulation of ROMK2 channel by CFTR also involves direct interaction, which depends on the state of phosphorylation of CFTR.
